Assessment of Patellar Laxity in the in vitro Native Knee by Komosa, Mark C.
 
 
Assessment of Patellar Laxity in the in vitro Native Knee  
By 
Mark C. Komosa 
 
Submitted to the graduate degree program in Bioengineering and the 
Graduate Faculty of the University of Kansas in partial fulfillment of the 
requirements for the degree of Master of Science. 
 
 
________________________________        
    Dr. Lorin Maletsky, Chairperson             
 
________________________________        
Dr. Kenneth Fischer, Committee Member 
________________________________        











The Thesis Committee for Mark C. Komosa 








      ________________________________        
    Dr. Lorin Maletsky, Chairperson             
 
________________________________        
Dr. Kenneth Fischer, Committee Member 
________________________________        









 Patellofemoral joint laxity is a multifactor problem that depends on the active 
stabilization from the quadriceps muscles, the passive stabilization from the ligaments 
and retinacular tissue in the PF joint, and the static stabilization from the articular 
geometries of the distal femur and patella. A custom patellar laxity instrument was 
designed and built to measure in vitro patellar laxity. The instrument measured patellar 
laxity envelopes through the knee flexion range for ten cadaveric knees by applying a 
displacement force to the patella and measuring the resultant displacement of the patella. 
Distinct load levels were found through the flexion range. The largest amount of patellar 
laxity occurred in early knee flexion (≤20°) and laxity decreased with flexion after 20° 
knee flexion. The epicondylar width, sulcus angle, lateral trochlear slope, and medial 
trochlear slope were measured from MR images of the knees to correlate changes in 
patellar laxity variation with femoral articular geometry. Principal Component models for 
shift and tilt laxity were developed to assess the variation in patellar laxity. Over 78% of 
the variation in shift and tilt laxity was explained by the first three Principal Components. 
The dominant mode of variation for shift and tilt were the overall amount of laxity 
through the flexion range is attributed to epicondylar width and sulcus angle. Patellar 
shift ROM was larger through knee flexion when the subjects had smaller epicondylar 
width and larger sulcus angle. Another cause of variation was medial and stiffness of the 
PF joint which was correlated to medial trochlear slope. Subjects with more medial 
stiffness than the mean also had a steeper medial trochlear fact. Variation in the stiffness 
of the lateral retinaculum may also be contributing to the variation in medial PF joint 
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Chapter 1: Introduction 
 Patellofemoral (PF) instability is one of the most common knee problems that 
cause people to seek medical attention. A patellar dislocation or subluxation episode can 
cause chronic knee pain and instability that can be disabling for the patient, especially in 
young athletes. Patellar instability has an incidence of 5.8 per 100,000 and increases to 29 
per 100,000 in adolescent age groups [1, 2]. Over 100 different procedures have been 
used to treat or prevent patellar instability after the initial injury, but they have not been 
consistently successful.  
 Total knee arthroplasty (TKA) is the standard operative treatment to treat 
osteoarthritis of the knee and has shown improved knee function postoperatively [3]. 
Patellar instability is not a cause for a patient to receive a primary TKA, but the change in 
patellar laxity may lead to postoperative complications. The rate of complications after 
TKA has declined, but revision surgery is still needed after 3-4% of TKA cases [3-5]. 
The main cause for revision surgery is anterior knee pain which is indicative of PF 
complications [6-9]. PF complications include patellar instability, patellar component 
wear, loosening, or failure, and patella fracture [10-12]. The active, passive, and static 
stabilizers are altered during TKA and results in a postoperative change in patellar laxity. 
Surgical technique, component positioning and limb alignment, balance of quadriceps 
extensor mechanism, component design, patellar preparation, and soft-tissue balancing 
are all factors that can cause change in the stabilizers of the PF joint. A clinician uses a 
physical examination to assess laxity by moving the patella with their hands and 
estimating patellar laxity visually and by observing any signs of apprehension by the 
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patient during the test. The clinical assessments rely on the clinician’s experience and the 
patient’s pain tolerance to determine if the patella is stable or unstable. These stability 
tests do not provide objective measures of patellar laxity. Subject-to-subject variability in 
patellar laxity makes diagnosing and tracking patellar instability a difficult task. A 
repeatable, accurate method to measure patellar laxity is needed to properly assess 
variation in patellar laxity and to track the progress of a treatment option or physical 
therapy. 
 The objective of this research is to design and develop a novel technique to 
measure patellar laxity in the in vitro knee and to identify the types of variation in patellar 
laxity from subject-to-subject through the knee flexion range. The methods used in this 
research will be used in future research of the Experimental Joint Biomechanics Research 
Laboratory to measure patellar laxity with simulated pathologies that contribute to 
patellar laxity and to measure patellar laxity after TKA. The patellar laxity instrument 
and methods developed in this research will also be used to determine how patellar laxity 
changes after total knee arthroplasty and how different component designs contribute to 
patellar laxity after TKA.  
 The following three chapters detail the steps taken during this research. Chapter 2 
is a literature review that includes the different factors that play a role in patellar stability, 
clinical assessments used to diagnose patellar instability, and experimental methods that 
seek to measure patellar laxity. Chapter 3 details the experimental method developed to 
measure patellar laxity with a novel instrument and to identify the modes of variation in 
patellar laxity. Chapter 4 is an overall summary and evaluation of the experimental 
methods used in this research and how they can be adapted and used for future work. 
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Chapter 2: Literature Review 
 This literature review is focused on understanding patellar laxity and current 
methods used to observe, measure, and understand the different contributions to patellar 
laxity. The review covers the different factors that contribute to patellar laxity and how 
the laxity is clinically assessed in patients who have experienced recurrent instability. A 
variety of studies have shown different methods to measure indicators that correlate to 
stability; however, the ability to directly identify the cause of patellar instability is still 
difficult. Directly measuring patellar laxity to assess stability has more recently been used 
to understand what can cause instability, but previous studies still have not measured 
patellar laxity in a clinically feasible manner that can track a patient’s progress through 
treatment or physical therapy.  
2.1 Patellofemoral Instability  
 Patellar instability is defined by symptomatic subluxation or dislocation of the 
patella from the trochlea of the femur [13]. Patellar instability is a frequent knee problem 
and relates to anterior knee pain with an incidence of primary patellar dislocation at 5.8 
per 100,000 and adolescent age groups experience a higher incidence of 29 per 100,000 
[1, 14-17]. Many patients continue to have pain, instability, and limitations in strenuous 
activities following a primary dislocation with a reported recurrence of 15% to 50% in 
patients following nonsurgical treatment, and 49% of patients with three or more 
instability incidents [1, 18, 19]. An instability event, subluxation or dislocation, occurs 
during a combination knee movement during a traumatic weight bearing or twisting event 
involving knee flexion followed by acute pain [13, 20]. Patients with recurrent instability 
generally feel pain where the medial patellofemoral ligament (MPFL) attaches to the 
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femoral medial epicondyle and express apprehension to patellar mobility tests. A single 
dislocation or subluxation event can lead to recurrent patellar pain and instability [1, 2, 
18, 19, 21-23].  
 PF joint laxity depends on the interaction of active stabilization from the 
quadriceps muscles, the passive stabilization from the ligaments and retinacular tissue in 
the PF joint, and the static stabilization from the articular geometries of the distal femur 
and patella [17, 24, 25]. In a healthy knee with a stable PF joint, these stabilizers remain 
balanced during gait, running, jumping, and other activities of knee motion [26]. 
2.2 Active Stabilizers: Musculature 
 The quadriceps muscle group is the primary active stabilizer of the PF joint. The 
quadriceps is made of six discrete muscle heads that insert into the patella  and generates 
forces directly on the patella [27]. The individual muscles insert onto the patella across 
the entire width of the proximal, medial, and lateral aspects of the patella (Fig. 2-1) [24].  
The rectus femoris originates on the anterior surface of the femur, runs parallel along the 
femur shaft, and inserts directly on the superior pole of the patella. The vastus 
intermedius parallels and lays deep to the rectus femoris. The vastus medialis and the 
vastus lateralis originate alongside the proximal femur and converge to the patella in an 
orientation that diverts from the anatomical axis of the femur with orientations of 15° and 
14° from the femur anatomical axis, respectively, in the coronal plane [28, 29]. The 
vastus medialis and lateralis both have distal portions that deviate a large amount from 
the femur anatomical axis that have the potential to pull the patella in a medial or lateral 
direction. The vastus medialis obliquus (VMO) is oriented 47° ±5° from the femoral 
anatomical axis in the coronal plane and pulls the patella medially and posteriorly [26, 
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28, 30]. The VLO has an orientation of 35° ±4° from the anatomical axis and pulls the 
patella laterally [24]. 
 The patella is stabilized by the balance between the medial and lateral quadriceps 
muscles. The sum of the individual quadriceps forces vectors the coronal plane produces 
a resultant vector that is parallel to the femur bone with a patella that is stable [31]. The 
VMO and VLO are the primary active medial and lateral stabilizers of the patella [30], 
and an imbalance in the strength between the VMO and VLO will cause the resultant 
quadriceps force vector to deviate from the femoral anatomical axis in the coronal plane 
and may lead to patellar instability The VMO and VLO muscles also are not parallel to 
the femoral shaft in the sagittal plane and generate posterior forces on the patella as the 
muscles contract. The VMO and VLO pull the patella posteriorly when the knee is near 
full extension, creating a compressive load to seat the patella in the trochlear groove  
[28].  
 The VMO is the first muscle of the quadriceps to weaken and can be overtaken by 
the lateral forces acting on the patella from the VLO causing the patella to displace more 
laterally and lead to medial patellar instability [30, 32, 33]. The VMO can contribute to a 
total of 10% of total quadriceps tension based on its physiological cross sectional area 
[28]. Weakening of the VMO can cause the resultant quadriceps force vector to shift 
laterally up to 6 degrees from in the coronal plane. Senavongse et al. found that 
completely relaxing the VMO causes an increase in patellar laxity from knee flexion 
angles of 0 to 90 degrees. The largest change was seen at 20 degrees knee flexion where 
relaxing the VMO cause patellar laxity to increase by 30% [14, 15]. Goh et al. found that 
relaxing the VMO caused the patella to displace 4-5 mm more laterally under a given 
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load and increased the contact force the patella applied to the lateral facet of the trochlear 
groove [34]. 
 The VMO attaches to the lateral portion of the medial patellofemoral ligament 
(MPFL), causing tension in the MPFL as the VMO contracts in early knee flexion angles 
[35]. Therefore the VMO increases its contribution to patellar stability in early knee 
flexion with its interaction with the MPFL. The VMO is commonly injured during acute 
patellar dislocation and may lead to continual patellar instability and further dislocation 
[36]. VMO weakness and injury can be addressed nonoperatively with exercises to 
promote VMO activity and regain strength. Patellar taping may be used to optimize the 
location the patella engages in the trochlear groove [37]. Taping the patella improves 
VMO strength by increasing quadriceps torque to activate the VMO earlier than the VLO 
[38, 39]. Some physicians treat VMO injury surgically by repairing the VMO attachment 
to the MPFL and other ligaments of the medial retinaculum to improve patellar stability 
[40]. Ahmad et al. showed that repairing a torn VMO by attaching it to the MPFL 
restored the ability of the VMO the apply a medial force to the patella [41]. 
2.3 Passive Stabilizers: PF Retinaculum and Ligaments 
 The PF retinaculum and ligaments are the soft tissues of the PF joint and are the 
primary passive stabilizers of the PF joint. As the knee moves to full extension, the 
patella is no longer engaged in the trochlear groove, and patellar stability relies heavily 
on soft tissue constraint. The MPFL is the primary soft tissue restraint to lateral patellar 
displacement [14, 35, 36, 42-47]. There are three main layers in the retinaculum and the 
MPFL is located in the second tissue layer deep to the superficial fascia and superficial 
the joint capsule as continuation of the deep surface of the distal VMO muscle fibers [48, 
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49]. The MPFL runs from the proximal medial edge of the patella to the groove between 
the adductor tubercle and medial epicondyle, anterior to the MCL attachment site [25, 43, 
44, 49-51]. The patella is disengaged from the trochlear groove in early flexion, and the 
MPFL directs the patella into the trochlear groove as the knee flexes in early knee 
flexion. It is under tension from 0° to 30° knee flexion and becomes more relaxed as knee 
flexion increases. Previous studies have shown that the MPFL contributes to 50% to 60% 
of the overall lateral patellar stability from full extension to 30° knee flexion [35, 43-45]. 
The MPFL is almost always injured during patellar dislocation, since dislocations most 
commonly occur in early knee flexion [52]. 
 Similar to the medial patellar anatomy, the lateral retinaculum of the PF joint has 
three layers of soft tissue. The superficial layer is the iliotibial band (ITB), the 
intermediate is the lateral patellofemoral band, also known as the iliopatellar band, and 
the deep layer is the PF joint capsule. The lateral PF band is a transversely orientated 
structure that extends from the deep aspect of the ITB that attaches to the lateral edge of 
the patella [17, 53]. The band does not directly attach to the femur, but is indirectly 
attached through the ITB [54, 55]. The ITB causes the patella to track more laterally and 
contributes to medial patellar stability [56-59]. The lateral retinaculum contributes the 
most to medial patellar stability at knee flexion angles close to full extension (0° to 30°) 
[60].  
 Patellar instability from the PF soft tissues can be treated operatively with a 
lateral retinacular relaease, medial repair, or an MPFL reconstruction. Lateral retinacular 
release has not effectively treated patellar instablility, since patients have continued to 
experience instability post-operatively [61]. Lateral release does not effectively position 
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the patella in a more medial position and often creates medial patellar instability [62, 63]. 
Treating patellar instability with surgically repairing the medial retinaculum can improve 
stability [64, 65]. However, the rate of instability occurrence is similar to nonoperative 
treatments [66, 67]. MPFL reconstruction replaces the damaged ligament with a graft to 
restore proper function of the MPFL. The procedure is difficult because malpositioning 
or using an incorrectly sized graft creates improper graft tension. An overtightened graft 
increased PF joint contact pressure and may lead to PF arthritis, and an undertightened 
graft can cause frequent patellar instability [68, 69]. Although MPFL reconstruction is 
difficult and debated, it has shown good results in preventing future instability [70-72]. 
2.4 Static Stabilizer: Articular Surfaces 
 Patellar stability is influenced by the geometries of the femoral trochlear groove 
and the articulating surface of the patella. The trochlear groove has a shape that 
complements the articulating patellar surface and provides additional stability to the 
patella. The height and slope of the lateral trochlear wall provide stability by resisting 
lateral patella translation as the knee flexes, and the medial wall resists medial translation 
[73-75]. If there is an imbalance of forces from the quadriceps the patella must still climb 
the medial and lateral facet slopes in the trochlear groove to dislocate or sublux. The 
steepness and depth of the trochlear groove do not remain constant through the groove, so 
the amount of force required to displace the patella up the facets in the groove are not 
constant through the trochlear groove. The medial and lateral facets of the trochlear 
groove are the highest proximally on the anterior aspect of the femur and lower as the 
groove moves distally and posteriorly [17, 76]. Considerable variation in individual 
trochlear groove length, width, steepness, and geometry exist [25]. The sulcus angle is a 
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measure of the steepness of the trochlear groove and is measured using an axial 
radiography or magnetic resonance (MR) imaging and is defined as the angle between the 
medial and lateral walls of the trochlear groove [13, 77]. The sulcus angle is dependent 
on the height and slope of the trochlea. A decrease in the height of the medial or lateral 
wall indicates a shallow trochlear and decreases the sulcus angle. The normal sulcus 
angle is approximately 140°, and an angle >145° is considered a shallow sulcus and sign 
of trochlear dysplasia [78].   
 The location of the patella in the trochlear groove is dependent on the knee 
flexion angle. At full extension, the patella is completely disengaged from the trochlear 
groove, and patellar stability is controlled by the PF retinaculum and quadriceps muscle 
forces. When the knee begins to flex past full extension, the MPFL guides the patella into 
the trochlear groove [44]. The distal edge of the patellar articular surface comes into 
contact with the proximal trochlear surface, and the contact area increases between the 
patella and femur as the knee continues to flex [79]. The patella becomes fully engaged in 
the trochlear groove after 20° to 30° knee flexion. After 30° knee flexion, contributions 
of the soft tissue in the PF joint to patellar stability are minimized, and the depth, slope, 
and sulcus angle of the trochlea become the most important stabilizer of the patella [80].  
 Trochlear dysplasia is a shallow, flattened trochlear groove, and is a significant 
risk factor for patellar instability. It occurs in less than 2% of the population in the United 
States and is observed in 85% to 96% of patients with recurring patellar instability [81, 
82]. The height and slope of the lateral trochlear facet resists lateral patellar translation 
and provides lateral patellar stability. A flattened lateral trochlea contributes more to 
lateral patellar instability than damaged medial retinaculum or VMO weakness [14]. It 
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decreases the stability through the knee flexion range, and increases the stress on the 
medial retinaculum since it will have a higher contribution to patellar stability [79]. The 
static stabilization of the trochlear groove geometry provides a more consistent 
contribution to patellar stability than the dynamic stabilization from the quadriceps [83].  
A higher lateral trochlear wall creates a smaller sulcus angle and leads to improved 
patellar engagement into trochlear groove and decreased rates of patellar instability in 
early knee flexion. However, the increased stability from a more conformed trochelar 
geometry may lead to PF arthritis [84].  
 Patients with trochlear dysplasia and recurrent patellar instability may receive one 
of two surgical treatments. The first alters the bony geometry of the trochlear groove 
known as trochleoplasty, and include Albee trochlear osteotomy, sulcus deepening 
trochleoplasty, and rotational trochleoplasty [82, 85, 86]. These procedures improve 
patellar tracking and increase patellar stability by directly deepening the sulcus angle [16, 
87]. Trochleoplasty is not often performed because the procedure is difficult to perform 
and predisposes the patient to PF arthritis [88]. The second option is performed on other 
factors that will compensate for the flattened trochlea, such as patella alta, damaged 
medial PF soft tissue, or the distance of the tibial tubercle to the trochlear groove. These 
procedures can provide additional patellar stability to the patient without directly 
reconstructing the trochlear groove with a trochleoplasty.  
2.5 Total Knee Arthroplasty 
 Total knee arthroplasty (TKA) is the standard operative treatment to treat 
osteoarthritis of the knee and has shown improved knee function postoperatively [3]. 
Patellar instability is not a cause for a patient to receive a primary TKA, but the change in 
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patellar laxity from the surgery may lead to postoperative complications. The rate of 
complications after TKA has declined, but revision surgery is still needed after 3-4% of 
TKA cases [3-5]. The main cause for revision surgery is anterior knee pain which is 
indicative of PF complications [6-9]. PF complications include patellar instability, 
patellar component wear, loosening, or failure, and patella fracture [10-12]. The active, 
passive, and static stabilizers are altered during TKA and results in a postoperative 
change in patellar laxity. Surgical technique, component positioning and limb alignment, 
balance of quadriceps extensor mechanism, component design, patellar preparation, and 
soft-tissue balancing are all factors that can cause change in the stabilizers of the PF joint. 
Malpositioning of the femoral, tibial, or patellar component has been recognized as the 
most frequent cause of patellar instability and other PF joint problems [6, 89-98].   
 The surgical incision during TKA to expose the knee joint will influence patellar 
laxity. The subvastus and medial parapatellar approaches are commonly used to perform 
TKA and both surgical approaches compromise the extensor mechanism with incisions 
that damage the medial quadriceps and the medial PF ligaments and retinaculum [99-
101].  
 During TKA, the surgeon has the option to leave the patella unresurfaced during 
the procedure or to resurface the patella with a polyethylene component. Many studies 
have shown that contradictory results regarding clinical outcomes between the resurfaced 
and unresurfaced patella, and the effects of resurfacing the patella during TKA is not 
entirely understood [10, 102-111].  
 Patellar component designs will alter postoperative patellar laxity, and are 
typically a symmetric dome-shape, a medialized dome, or an anatomical shape. The 
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native patella is not symmetric or dome-shaped with a ridge that is medial of the center of 
the patella. The symmetric dome component will be medially placed on the patella to 
position the center of the dome with the center of the patellar ridge, leaving some part of 
the patellar bone uncovered. The medialized dome component has a medially place 
dome-center that allows the patellar bone to be fully covered while the component is 
placed on the center of the patella bone. The anatomical component has a medially placed 
ridge that mimics the articular surface of the native patella. The anatomical components 
have been shown to have decreased damage compared to a symmetrical dome in a 
retrieval study, but no correlation was found between patellar component design and 
patellar stability [112]. 
2.6 Current Methods in Patellar Laxity Assessment 
2.6.1 Imaging Assessment of Patellar Instability 
 Standard radiographs of the PF joint are used to assess patellar instability. The 
images are a static measure of the bone geometry and include a weight-bearing AP view, 
lateral view, and Merchant view. The Weight-bearing AP radiograph evaluates 
varus/valgus alignment of the knee and determines if there is any joint space narrowing in 
the knee (Fig. 2-2). The lateral view allows the clinician to assess patellar height (Fig. 
2-3). Patella alta is a high-riding patella and baja is a low-riding patella. Patella alta has 
been related to patellar instability because the patella will engage in the trochlear groove 
at a higher knee flexion angle than a knee with normal patellar height [113-115]. Dejour 
et al. found that 24% of patients with patellar instability also had patella alta [81]. 
Trochlear dysplasia can be seen in a true lateral radiograph when the deepest part of the 
trochlear groove crosses the anterior aspect of the condyles, known as the crossing sign 
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(Fig. 2-3). A trochlear spur and hypoplastic medial condyle, seen by a double contour in 
the trochlear groove are also indicators of trochlear dysplasia in a lateral radiograph. The 
Merchant view radiograph is an axial view of the patella at 30° knee flexion and assesses 
degeneration of the PF joint, patellar subluxation, trochlear dysplasia, and overall 
trochlear geometry (Fig. 2-5) [78]. The orientation and position of the patella in the 
trochlear groove are determined from the Merchant view with the sulcus angle, 
congruence angle and patellar tilt angle. The sulcus angle measures the angle of the 
trochlear groove, and patellar instability is correlated to a shallow trochlear with a sulcus 
angle larger than 145° (Fig. 2-6) [81]. The congruence angle is an indicator of patellar 
subluxation. The average congruence angle in a healthy PF joint is -8° ± 6° (Fig. 2-6) 
[116]. The patellar tilt angle measures patellar tilt relative to the femur with the knee at 
20° flexion (Fig. 2-7) [117]. The tilt angle opens laterally in the healthy knee, and the 
angle opens medially or is parallel in patients with recurrent subluxation [118].  
 Radiograph images provide static measures of the PF joint geometry and the 
position and orientation of the patella in the trochlear groove, but the images only provide 
signs of patellar instability. Radiographs to examine patellar stability are taken between 
20° and 45° knee flexion, but the patella usually becomes unstable between full extension 
and 20° flexion. Indicators of instability near extension cannot be seen in radiograph 
studies. Results from radiographs do not have strong correlations to clinical observations 
of patellar instability, and many times the injured joint cannot be distinguished from the 
health contralateral joint [119]. 
 MR images are used to assess the soft tissue structures of the PF joint and can 
identify damage to the structures, particularly the MPFL.  MR image studies are 70% 
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accurate in detecting MPFL injury when evaluating patellar instability [120]. Other 
indicators of instability found in MR images include bone contusions of the anterior 
femur, cartilage damage, retinacular injury, and quadriceps injury [121]. The same 
measurements can be made from MR images as radiographs, and are considered more 
useful because the images include the cartilage surface in the measurements [76, 77, 
122]. MR images and radiographs, only show signs of instability and are used to confirm 
a clinical diagnosis from a physical evaluation. 
2.6.2 Clinical Assessments of Patellar Stability 
A physical examination of the PF joint is used to detect and diagnose patellar 
instability because the instability is recreated in the assessment. Clinicians most 
commonly perform the patellar mobility test to assess the stability of the PF joint [61]. 
The knee is held at 20° to 30° of knee flexion with the quadriceps relaxed. The patella is 
mentally divided into four quadrants, and the clinician manually displaces the patella 
medially and laterally with their thumb and index finger to determine the amount of 
laxity in the PF joint (Fig. 2-8). The clinician estimates the overall patellar laxity based 
on the number of quadrants the patella displaces [123]. The patellar mobility test is a non-
functional exam because it is performed while the patient is sitting, but instability events 
occur during weight bearing activity. The moving patellar apprehension test a 
modification of the patellar mobility test exam that better replicates an instability incident 
[20]. The clinician maintains a medial or lateral force on the patella as the knee is flexed 
and extended, similar to a pivot shift test for the knee and other dynamic tests to examine 
joint instability [124-126]. The results of the test depend on the patient orally expressing 
apprehension or activating their quadriceps to stop the test.  
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Both the patellar mobility test and the moving patellar apprehension test are used 
to identify patellar instability and the track the progress of treatment for instability. The 
progress of a patient’s patellar stability can be tracked if patellar laxity can be measured 
throughout the treatment process. The clinical assessments of patellar stability in a 
physical examination rely on the clinician’s experience and the patient’s reaction to the 
tests to determine if the patella is stable or unstable. If the patient has a high tolerance for 
pain the clinician may not correctly identify patellar instability. These stability tests do 
not provide objective measures of patellar laxity. Subject-to-subject variability in patellar 
laxity makes diagnosing and tracking patellar instability a difficult task.  
2.6.3 Current Methods in Measurement of Patellar Laxity 
 Patellar laxity can be quantified by measuring the force needed to displace the 
patella at various knee flexion angles. Previous studies have measured patellar stability or 
laxity to better understand the contributions of the active, passive, and static stabilizers to 
patellar laxity [14-16, 28, 43-45, 60, 127, 128]. Conlan et al. found that the MPFL was 
the primary passive restraint to in vitro patellar displacement at full extension by 
sequentially cutting the medial soft tissue structures [43]. Farahmand et al. measured 
lateral patellar force-displacement behavior from 0° to 90° knee flexion in an in vitro 
study [127]. They loaded the quadriceps with static loads in proportion to their cross-
sectional area and measured the force required to displace the patella at various 
displacement levels up to 9 mm. They found that a 5 mm lateral patellar translation 
required a constant applied force from full extension to 60° knee flexion, with a 
significant increase in the force at 90° flexion. In another study, Farahmand et al. 
measured the sulcus angle and depth of the trochlear groove where the patella is engaged 
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with the trochlear groove through the knee flexion range and found the trochlear groove 
did not deepen as knee flexion increased [28]. These studies suggest the geometry of the 
trochlear groove has a large contribution to patellar stability in early knee flexion and that 
the active stabilization from the muscle forces do not increase the constraint provided by 
the static and passive stabilizers [28, 127]. They established overall trends in patellar 
laxity and normal limits of patellar motion through the knee flexion range with force-
displacement curves; however the patella was fixed to only allow ML translation and 
prevented patellar tilt and rotation during the test. Patellar displacement is a coupled 
motion that includes patellar tilt and rotation as the patella translates medially and 
laterally. 
 Senavongse et al. established the forces required to displace the patella medially 
and laterally up to 10mm between 0° and 90° knee flexion [15]. They found that medial 
and lateral stability are different from one another through the flexion range. The 
contributions of the active, passive, and static stabilizers to lateral patellar stability were 
measured by Senavongse and Amis [14]. At full extension the medial retinacular 
structures had the largest contribution to lateral patellar stability, and its contribution 
decreased with knee flexion.  A relaxed VMO reduced the force needed to displace the 
patella 10 mm by 30% from 20° to 90° knee flexion. A flattened lateral facet of the 
trochlear groove had the largest overall effect from 10° to 60° flexion. The trochlear 
slope had and increasing contribution from 0° to 30° and then steadily decreased through 
the flexion range. The PF joint became increasingly less stable from full extension to 20° 
knee flexion, the flexion angle with the greatest amount of patellar instability. After 20° 
patellar stability increased with flexion angle.    
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 Merican et al. investigated the effects of the lateral retincacular structures on 
medial patellar stability by selectively cutting the lateral structures [60].The lateral 
retinaculum contributes to medial stability through the flexion range but its largest 
contribution occurred at knee flexion angles of 0° to 30°. 
 Fithian et al. developed an instrument to measure the displacement of the patella 
to an applied load of 2.5 lb and 5 lb, similar to instruments used to diagnose cruciate 
ligament injury in the knee [129-131]. The instrument could not clearly distinguish any 
difference between a patient’s knee with patellar instability and their health contralateral 
knee. High variation in the laxity measurement did not lead to significant results and did 
not demonstrate the efficacy of this instrument in measuring patellar laxity or diagnosing 
instability.  
 Egusa et al. sought to create objective parameters to clinically diagnose patellar 
instability by measure force-displacement curves during a clinical assessment [132]. The 
patellar laxity measurement taken at a 5 mm patellar displacement was correlated to the 
diagnosis of patellar instability. However, the diagnosis was still based on a subjective 
evaluation. 
 Although these studies have been important to better understanding patellar 
instability and how the different stabilizers can contribute to a patient experiencing 
instability, there is not a good understanding of how patellar laxity can change and vary 
from subject-to-subject. Subject-to-subject variability in joint geometry, musculature 
strength and orientation, and ligament stiffness makes it difficult to measure laxity. There 
is a need to develop method that can objectively measure patellar laxity, and determine 
how the change in laxity can be attributed to variation in the active stabilization of the 
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quadriceps muscles, the passive stabilization of the retinaculum, and the static 
stabilization of the articular geometry.  
2.7 Figures 
 
Figure 2-1: The orientations of the individual heads of the quadriceps in the coronal 
plane (A) and the sagittal plane (B) (Reproduced, with permission, from: Amis, 
A.A., Current concepts on anatomy and biomechanics of patellar stability. Sports 





Figure 2-2: Weight-bearing AP radiograph assesses overall varus/valgus alignment 
of knee and joint space narrowing in the knee. (Reproduced, with permission, from: 
Allen, J.E. and K.S. Taylor, Physical examination of the knee. Prim Care, 2004. 
31(4): p. 887-907.) 
 
 
Figure 2-3: A lateral view radiograph evaluates patellar alta/baja. (Reproduced, 
with permission, from: Allen, J.E. and K.S. Taylor, Physical examination of the 




Figure 2-4: A true lateral radiograph can identify trochlear dysplasia, as seen by the 
crossing sign, hypoplastic medial condyle (double contour), and trochlear spur. 
(Reproduced, with permission, from: Dejour, D. and B. Le Coultre, Osteotomies in 
patello-femoral instabilities. Sports Med Arthrosc, 2007. 15(1): p. 39-46.) 
 
 
Figure 2-5: Merchant view x-ray. (Reproduced, with permission, from: Allen, J.E. 






Figure 2-6: The sulcus angle angle BAC is measured from the highest point of the 
medial (B) and lateral (C) facets and the lowest point in the trochlear groove (A) in 
the Merchant radiograph. The sulcus angle is bisected by AO, and line AD passes 
through the lowest point on the articular ridge of the patella.  The congruence angle 
is angle DAO. If AO is medial to AD, the congruence angle is a negative value, and if 
AO is lateral to AD it is a positive value(Reproduced, with permission, from: Moon, 
Y.W., et al., Variability in femoral component rotation reference axes measured 
during navigation-assisted total knee arthroplasty using gap technique. J 
Arthroplasty, 2010. 25(2): p. 238-43.) 
 
 
Figure 2-7: The patellar tilt angle is measured with a line passing through the 
medial and lateral edges of the patella and a horizontal line. (Reproduced, with 
permission, from: Benjamin, J. and M. Chilvers, Correcting lateral patellar tilt at 
the time of total knee arthroplasty can result in overuse of lateral release. J 






Figure 2-8: The patellar mobility test examines ML patellar stability. The PF joint is 
divided into four quadrants and patellar laxity is determined by the total translation 
of the patella when the clinician pushes the patella medially and laterally. 
(Reproduced, with permission, from: Arendt, E.A., D.C. Fithian, and E. Cohen, 










Chapter 3: Assessment of in vitro Patellar Laxity of the Native Knee 
3.1 Introduction 
 Total knee arthroplasty (TKA) is the standard operative treatment to treat 
osteoarthritis of the knee and has shown improved knee function postoperatively [3]. 
Patellar instability is not a cause for a patient to receive a primary TKA, but the change in 
patellar laxity may lead to postoperative complications. The rate of complications after 
TKA has declined, but revision surgery is still needed after 3-4% of TKA cases [3-5]. 
The main cause for revision surgery is anterior knee pain which is indicative of PF 
complications [6-9]. PF complications include patellar instability, patellar component 
wear, loosening, or failure, and patella fracture [10-12]. The active, passive, and static 
stabilizers are altered during TKA and results in a postoperative change in patellar laxity. 
Surgical technique, component positioning and limb alignment, balance of quadriceps 
extensor mechanism, component design, patellar preparation, and soft-tissue balancing 
are all factors that can cause change in the stabilizers of the PF joint. PF joint laxity is a 
multifactor problem that depends on the active stabilization from the quadriceps muscles, 
the passive stabilization from the ligaments and retinacular tissue in the PF joint, and the 
static stabilization from the articular geometries of the distal femur and patella [17]. The 
contributions from each of these factors remain unclear, and proper treatment of patellar 
instability requires an understanding of the interactions between these factors.  
 Patellar instability is typically not observed while the joint is at rest, so clinical 
diagnosis depends on the patellar displacement response, known as excursion, to the 
application of a force applied to the patella [61, 128, 133, 134]. The clinician manually 




in the PF joint, and relies on their training and experience to determine if the patella is 
unstable or stable [20, 61]. Patellar laxity has been previously measured with the 
application of specific loads on the patella, ranging 11 to 80 N, and many patients 
experience apprehension at a load application of 11N on the patella [128, 130, 132, 134].  
 Although these studies have been important to measuring patellar laxity and to 
understand the contributions of the different stabilizers to patellar laxity, subject-to-
subject variability in patellar laxity, joint geometry, musculature strength and orientation, 
and ligament stiffness makes comparing laxity between subjects a difficult task. The 
change in patellar laxity after TKA can lead to PF complications and revision surgery, 
and there is currently not a good understanding of how the change in the active, passive, 
and static stabilizers change during TKA affect the resulting postoperative patellar laxity. 
There is a need to develop method that can measure patellar laxity throughout the flexion 
range and to determine how the change in laxity can be attributed to variation in the 
active stabilization of the quadriceps muscles, the passive stabilization of the 
retinaculum, and the static stabilization of the articular geometry. The purpose of this 
study was to use a patellar laxity instrument to measure in-vitro patellar laxity and to 
identify modes of subject-to-subject variation in patellar laxity. The hypothesis was that 
primary mode of variation would be overall patellar range of motion (ROM) through the 






3.2.1 Knee Preparation 
 Ten whole cadaveric legs were acquired (age: 65 ± 13 years, BMI: 23.6 ± 13.3) 
for this study. Each leg was screened for prior knee injury or knee surgery and thawed at 
room temperature for 24 hours prior to test. MR images were acquired for each knee 
using a 1.5 T Siemens scanner (Siemens Healthcare, Erlangen, Germany). The sequence 
protocol for each knee was a sagittal isotropic 3D T2-weighted steady-state free-
precession (TRUFI) sequence with water excitation (we) and 1 mm slice thickness. The 
femur was sectioned 225 mm proximal to the epicondylar axis, and the tibia was 
sectioned 175 mm distal to the epicondylar axis. Soft tissue beyond 130 mm from the 
epicondylar axis was removed to preserve the knee joint capsule, and the quadriceps 
musculature was isolated from the surrounding tissue. The femur and tibia were potted in 
aluminum fixture tubes with bone cement so the bone was concentric with the fixture. 
3.2.2 Femoral Shape Measurements 
 Femoral shape measurements that relate to patellar laxity were collected from the 
MR images for each knee. The sagittal MR image set for each knee was resliced to create 
an axial image set, and the axial slice containing the widest femoral epicondylar width 
was identified and femoral shapes measures were calculated. Epicondylar width (EW), 
sulcus angle (SA), lateral trochlear slope (LTS), and medial trochlear slope (MTS) were 




3.2.3 Laxity Assessments 
 The proximal femur of each knee was rigidly mounted to the base plate of a 
muscle loading rig (Fig. 3-2), and the rectus femoris and vastus intermedius tendons were 
loaded with a total of 22 N along the long axis of the femur. Infrared light emitting diode 
(IRED) motion tracking arrays were mounted to the femoral and tibial fixtures, and one 
was directly fastened on the anterior side of the patella.  
 Each knee was manually flexed from full extension to terminal flexion with a 
constant 22 N quadriceps load and no external displacement loads applied to the knee. A 
medial and lateral patellar laxity envelope was performed on each knee with a custom 
patellar laxity instrument (PLI) comprised of three components: the PLI base, an in-line 
axial load cell (Omega LC-302-25), and the loading tip (Fig. 3-3A). Loads were applied 
to the patella during the laxity envelopes by loading the patella with the PLI loading tip 
which compressed the in-line axial load cell contained in the instrument. The loading tip 
has enough clearance with the PLI base to allow it to move relative to the base and 
allowed the user to visually inspect the direction of the applied load. An axial load is 
applied when the tip remains concentric with the PLI base, and an off-axis load is applied 
when the tip rocks and is no longer concentric with the PLI base. Load data was captured 
from the load cell using Labview (National Instruments, Austin, TX), and an IRED 
motion tracking array was attached to the instrument to measure the orientation of the 
PLI as the patella was loaded (Fig. 3-3B).  
 For the medial laxity assessment, the knee was placed at full extension manually 
and a 30 N medial displacement load was applied to the patella with the PLI (Fig. 3-3C) 




careful to isolate the load to the medial direction of the patella as much as possible. The 
assessment was repeated with a lateral displacement load manually applied to the patella. 
Kinematic data of the femur, tibia, and patella and the orientation of the laxity instrument 
were collected using the Optotrak 3020 motion capture system (Northern Digital Inc., 
Waterloo, Canada) with data sampled at 100 Hz. Load cell feedback was displayed using 
Labview and sampled at 100 Hz. 
3.2.4 Knee Kinematic Coordinate Systems 
 Tibiofemoral kinematics were described using a three-cylindrical open-chain 
system described by Grood and Suntay [135]. PF kinematics were described in a three-
cylindrical open chain system in terms of patellar flexion, rotation, tilt, and shift (Fig. 
3-4) [136]. For this study only shift and tilt motions were considered. Patellar shift is 
translation of the patella along the femoral ML axis with lateral as positive. Tilt is 
rotation of the patella about the patellar SI axis with lateral tilt (+) defined as rotation of 
the lateral edge of the patella toward the femur relative to the medial edge of the patella 
(Fig. 3-5) [136].  
3.2.5 Calculating PF Joint Laxity 
 During each laxity assessment, the orientation of the PLI and the magnitude of the 
load applied to the patella were captured at 100 Hz and resolved to the directions of the 
patellar ML, AP, and SI axes. Patellar shift and tilt were obtained as the magnitude of the 
applied load reached individual load levels of 10 N, 20 N, and 30 N. Data was excluded if 
the medial-lateral component of the load was less than 0.7 of the entire load vector. 
Patellar shift and tilt during the flexion cycle with no displacement loads applied to the 




was fit to the shift and tilt kinematic measurements for 0 N, 10 N, 20 N, and 30 N 
through the flexion range (Fig. 3-6). Patellar displacement is deviation of the patella from 
its neutral path with a specified load at a knee flexion angle. Excursion for 10 N was 
determined by finding the difference between the extracted kinematic measurements for 
10 N and the kinematic measurements at 0 N through the flexion range (Fig. 3-7). The 
excursion measure was repeated for 20 N and 30 N of applied load. PF laxity was 
described as patellar excursion at a given load through the knee flexion range. 
 A two-way ANOVA was performed on the mean patellar shift excursion and tilt 
angular excursion to determine significant differences between each medial and lateral 
load level at knee flexion angles from 0° to 90°,  in 10° increments, at a significance level 
of p = 0.05. An additional two-way ANOVA was performed on the mean excursions to 
determine differences between medial and lateral laxity under each load level at knee 
flexion angles, at a significance level of p = 0.05. 
3.2.6 Principal Component Analysis 
 A principal component (PC) analysis is used to reduce and explain data sets with 
many variables while preserving all of the variation present in the data set [137]. The data 
set consisted of p variables is transformed to p orthogonal and independent PCs. The first 
PC has the largest sample variation, the second PC contains the next largest sample 
variation, and so on. Generally the first few PCs contain most of the variation observed in 
the original variables. 
 PC models were developed to assess the variation in patellar laxity data through 
the flexion range. The model consistent of N subjects (N = 10), with n points (n = 58 for 




for the 10, 20, and 30 N load levels and the four femoral shape measures). Let A be an N 
	n matrix with each row holding the variables for one subject, and a n 	n covariance 
matrix, X, was found. The eigenvectors and corresponding eigenvalues of matrix X were 
determined and placed in matrix E, where each column held eigenvector ej, (j = 1,2,…, n) 
of X. The eigenvectors are the PCs of the data. The mean of each variable was calculated 
and stored in Amean, a 1 	n vector. The PC scores, Pmean, were calculated as the dot 
product of the PC matrix and the variables, Pmean = AmeanE. 
 The PC scores P were perturbed, and the resultant deformation of the variables A 
were calculated and graphically displayed, Aperturb = PperturbE
-1, to determine the modes of 
variation in patellar laxity and the femoral shape measures. The shift and tilt models were 
perturbed by ± two standard deviations, and the resultant deformation of the laxity and 
femoral shape measure variables were calculated and graphically displayed to interpret 
apparent variation due to each PC. The model was perturbed along a certain PC while 
holding all other PCs constant to represent the variation from only one PC and observing 
the resultant deformation in the laxity data. The interpretation was repeated for the 
number of PCs that cumulatively explained at least 75% of the variation in the data.  
3.2.7 Intra-user Variability 
 All the patellar laxity assessments in the study were performed by the same user, 
so the intra-user experimental repeatability was assessed. The same researcher performed 
the laxity assessments on the same specimen three times. The range of the patellar shift 
excursion and tilt angular excursion were calculated at every 10° flexion for the 10, 20, 
and 30 N load levels. The mean of the ranges across the knee flexion range was 





3.3.1 Patellar Laxity Envelopes 
 A medial displacement load applied to the patella caused the patella to shift 
medially and tilt laterally, and a lateral load caused the patella to shift laterally shift and 
tilt medially tilt for all the knees (Fig. 3-8). Two knees did laterally tilt in response to a 
lateral displacement load after at knee flexion angles greater than 30°. Generally the 
patellar laxity was largest at knee flexion angles of 30° or less, and laxity decreased from 
30° to 90° flexion.  
 Maximum patellar shift excursion and tilt rotational excursion and ROM were 
found between 0° and 20° knee flexion, except the 30 N lateral load generated maximum 
shift excursion at 30° flexion and maximum tilt at 40° flexion (Table 3-1). For the 10 N 
load level, the maximum shift excursions were 6.1 mm medial and 4.6 mm lateral (Fig. 
3-8A). The largest tilt rotational excursions under 10 N were 3.9° lateral tilt and 2.7° 
medial tilt (Fig. 3-8B). Patellar ROM with 10 N was at a maximum of 10.5 mm in 
patellar shift and 9.3° of tilt (Fig. 3-9A-B). For the 20 N load level, the largest shift 
excursions were 10.0 mm medial and 7.6 mm lateral, and the maximum tilt rotational 
excursions were 5.3° medial tilt at and 7.9° lateral tilt at. Patellar ROM at 20 N was a 
maximum of 17.6 mm of shift and 15.6° of patellar tilt at 20° knee flexion. The 
maximum patellar shift excursions with a 30 N load were 12.2 mm medially and 10.0 
mm lateral. The largest tilt rotational excursions for 30 N were 7.5° medial tilt and 10.7° 
lateral tilt. Patellar ROM from a 30 N load on the patella was a maximum at 21.8 mm of 




 All three load levels were significantly different from each other in medial and 
lateral patellar shift and shift ROM for all flexion angles. The load levels were distinct 
from each other in medial tilt for all flexion angles except 90° flexion. The 10 N, 20 N, 
and 30 N loads were significantly different in medial tilt between full extension and 40° 
knee flexion.  Significant differences were also found between each of the load levels in 
tilt ROM from 0° to 80° flexion. Overall the medial shift excursions were higher than 
lateral excursions; however, significant differences were only found at 0° flexion under 
30 N and at 80° flexion under 20 N. Lateral tilt rotational excursions that result from a 
medial applied load were significantly higher than medial tilt rotational excursions from 
30° to 70° knee flexion under the 20 N and 30 N loads and at 80° flexion under 20 N. 
3.3.2 Femoral Shape Measures 
 The mean EW, SA, LTS, and MTS femoral shape measures were calculated for 
all the knees (Table 3-1). The mean EW was 84.3 mm ± 3.3 mm and ranged from 80 mm 
to 90 mm. The mean SA was 134.4° ± 4.3°, ranging from 128° to 140°. The LTS and 
MTS were similar to one another at 22.3° ± 2.7° and 23.3° ± 4.0°, respectively. 
3.3.3 Principal Component Analysis 
 A PC analysis was performed on patellar shift excursion and tilt rotational 
excursion separately to determine the cause of variation in patellar laxity. The mean 
patellar shift laxity measures under each load level and femoral shape measures were 
perturbed by ± two standard deviations along each PC and graphically displayed (Table 
3-3, Fig.  3-10). The PC perturbation was repeated for the mean patellar tilt laxity 
envelope and femoral shape measures (Table 3-4, Fig. 3-11. The perturbation results for 




patellar shift, the first three PCs accounted for 83% of the total variation. PC1, explaining 
49.9% of variation, for both the 10 N and 30 N level was caused by specimen varitation 
in overall shift ROM through the flexion range and the magnitude of EW and SA. PC2 
(22.9% of variation) was due to the change in medial shift stiffness as the patella tracked 
through flexion and the amount of MTS. PC3 (10.5% of variation) was attributable to 
variation in medial stiffness after about 30° knee flexion and MTS. The PC analysis for 
patellar tilt laxity yielded three PCs that accounted for 78% of the total variation (Table 
3-5). PC1 (35.0% of variation) was due to overall patellar tilt ROM at 10 N, and for 30 N 
was attributable to a shift in medial tilt laxity through the flexion range and an increase or 
decrease in lateral tilt laxity for greater than 40° knee flexion. PC1 was also attributed to 
EW and MTS. PC2 (29.8% of variation) was caused by tilt laxity in early flexion for a 10 
N load, and the 30 N load level was due to the overall shift in lateral tilt laxity through 
flexion and a change in medial tilt laxity when knee flexion is less than 40°. PC2 was 
also attributable to inverse change in lateral and medial trochlear slope. PC3 (13.4% of 
variation) is caused by a change in medial tilt laxity under a 10 N load and a medialized 
or lateralized tilt laxity in early flexion for 30 N and the EW and MTS femoral shape 
measures. 
3.3.4 Intra-user Variability 
 The intra-user experimental variation between the fitted laxity lines increased as 
the load applied to the patella increased (Table 3-6). The kinematic responses from a 
medial load (medial shift and lateral tilt) showed a larger intra-user variation than the 
laterally applied load. The maximum mean range for patellar shift was 2.2 mm of medial 





 Patellar laxity measurements were established with the custom PLI by applying a 
displacement force to the patella with the PLI and recording the applied load and the 
resultant excursion of the patella. Distinct load levels were found through the flexion 
range for patellar shift and tilt laxity. Increasing the load on the patella meant an increase 
in shift excursion and tilt rotational excursion throughout the flexion range, but 
increasing the lateral load on the patella resulted in smaller tilt rotational excursions 
beyond 40° knee flexion where the patella is more constrained by the trochlear groove. 
MR images were used to quantify femoral shape measurements that contribute to patellar 
laxity, and a PC model correlated the variation in the femoral shape measures to the 
variation observed in the patellar laxity envelopes. 
 Although there have been studies that have measured in vitro patellar laxity, the 
current study measured laxity using a technique developed to more closely represent 
clinical patellar mobility tests used to evaluate patellar stability. Previous studies have 
measured in vitro laxity by applying a displacement force to the patella through a rig that 
attached to the anterior surface of the patella. The displacement measurements used to 
calculate laxity were based on the displacement of the rig and not of the patella, assuming 
the patellar displacement was assumed to be equal to the displacement of the rig. The 
current study used a motion capture system to directly measure the displacement of the 
patella in response the applied load to calculate patellar laxity.  
 The current study was subject to a number of limitations. Any in vitro study can 
be influence by tissue degradation through the experiment. To prevent dehydration and 




joint and the knees were sprayed with a physiological saline solution. Patellar laxity was 
measured from a manually applied load that was not isolated in a specific direction. 
Clinicians use manual assessments to assess patellar stability and diagnose patellar 
pathologies. The user was careful to apply the displacement load in the ML direction, and 
to reduce the non-axial loads, forces with ML component less than 70% of the total force 
vector were excluded in the laxity measurements. A single 22 N quadriceps load along 
the femoral shaft was used to seat the patella in its neutral position but is not a 
physiological load. The quadriceps provide loads that have various lines of action in the 
coronal and sagittal planes that can apply a more complex compressive force on the 
patella than was represented in this study. PF contact pressure through the flexion range 
differs  between axial quadriceps loading and multi-plane loading [31].  
 A manual force application was used because clinicians perform patellar mobility 
tests with their hands to assess a patient’s patellar stability [20, 61]. Clinicians currently 
rely on their experience, sight, and feel when determining a patient’s patellar laxity 
during a mobility test. The experimental method developed in this study imitates the 
clinical patellar mobility test. The manual load application allowed for coupled motion 
that naturally occurs during patellar motion. A medial displacement force caused the 
patella to shift medially and tilt laterally. As the patella shifted medially the lateral 
retinacular structures resisted the medial displacement and caused the coupled tilt motion. 
Simpler coupled shift and tilt motion was also observed for the medial retinaculum under 
lateral displacement force. The interaction of the patella with the femoral trochlear 
groove also contributed to the coupled motion when the patella was engaged in the 




the medial facet of the trochlear groove resulting in lateral tilt, and the patella tilted 
medially as it traveled up the lateral facet. Another cause of the coupled motion could be 
the manually applied load because the displacement force was not a pure ML force and 
had a compressive component. The medial displacement force would compress the 
medial edge of the patella into the femur and the lateral edge to lift from the femur 
resulting in a lateral tilt motion. The lateral displacement force also had a compressive 
component that resulted in medial tilt. To reduce the contribution of the compressive 
force to coupled motion, only displacement forces with a ML component that was 70% of 
the total displacement force were included in the laxity measurements.  
 The experimental method used in the current study to measure patellar laxity was 
able to capture distinct laxity load levels through the flexion range. The intra-user 
repeatability ranged from 0.3 mm to 1.6 mm for shift and 0.7° to 1.7° for tilt. The 
repeatability decreased as the displacement force increased, but the differences between 
the load levels were larger than the repeatability of the laxity measurement method. The 
error in the method itself was not likely to influence the results and assessment of the 
subject-to-subject variation. 
 The largest amount of patellar ROM occurred in early knee flexion (≤20°) as 
observed in previous studies previous studies [14-16] which found the largest amount of 
patellar ROM occurs in early knee flexion and decreases with flexion after 20° knee 
flexion. Senavongse et al. found that medial laxity of the PF joint is greater than lateral 
laxity throughout the flexion range [15]. The current results showed that medial and 
lateral shift laxities were quite similar and that medial and lateral tilt were significantly 




to different quadriceps loads used. Senavongse applied a larger overall quadriceps load 
and distributed the load across the different heads of the quadriceps, but the current study 
loaded the quadriceps with a single load of 22 N along the femoral anatomical axis. 
Previous studies have loaded the quadriceps with a total of 175 N and reported forces of 
70-240 N to generate the same patellar excursions reported in this study. Clinical studies 
have shown that most patients with patellar instability experience apprehension before a 
load application of 11 N on the patella and healthy subjects can tolerate a 22 N load with 
displacements between 5 mm and 13 mm [130, 132]. The current study correlated to 
applied load levels and displacement in the clinical studies better than previous in vitro 
studies [14-16, 127].  
 Patellar laxity is affected by the passive stabilization of the retinaculum, the static 
stabilization of the articular geometry, and the active stabilization of the quadriceps 
muscles. A constant quadriceps load was used for the laxity envelope assessments for all 
knees, so the observed variation in patellar laxity measurements and can be attributed to 
the stiffness of retinaculum and the articular geometry.  
 PC models for shift and tilt laxity were developed to assess the variation in 
patellar laxity and in the articular geometry. Over 78% of the variation in shift and tilt 
laxity was explained by the first three PCs. The variation in laxity could be contributed to 
the variation in soft tissue stiffness in the PF joint or the articular geometry of the distal 
femur and patella. The first PCs for shift and tilt were the overall ROM through the 
flexion range and were related to variation in EW and SA. Shift ROM increased as EW 
decreased and the sulcus angle increased. The increase sulcus angle provides less 




EW increased, shift ROM would also increase; however the opposite was found. The 
larger femur size correlated with a more conforming sulcus angle and may also have a 
stiffer retinaculum that could cause the decrease in laxity. PC1 for patellar tilt 
demonstrated than an increase in tilt ROM correlated with larger sulcus angle EW. The 
larger bone size and shallower trochlear groove provides more room for the patellar to tilt 
as it displaces medially or laterally.  
 Medial stiffness was another major mode of variation, as seen by the change in 
medial shift and lateral tilt stiffness in PC2 and PC3. A flatter medial trochlear facet 
correlated with decreased stiffness in medial shift. Only small variations in the trochlear 
groove measurements were found in for patellar tilt, so the change in lateral tilt stiffness 
through the flexion range could be attributed to the change in the stiffness in the 
retinaculum. The patella is not fully engaged in the trochlear groove until 20° knee 
flexion, the stiffness of the medial and lateral retinaculum have a higher contribution to 
patellar laxity than the shape of the trochlear groove. 
 Medial laxity showed more variation than lateral laxity beyond the first PC. Since 
the quadriceps force remained constant through the experiment, changes in lateral laxity 
could be attributed to change in quadriceps loading. A weak VMO would decrease lateral 





3.5 Tables and Figures 
Table 3-1: Maximum medial and lateral excursions and ROM for shift and tilt for 
10 N, 20 N, and 30 N load levels.  
Load 
Level 
Shift (mm) Tilt (°) 
Medial Lateral ROM Medial Lateral ROM 
10 N 6.1 4.6 10.5 2.7 3.9 9.3 
20 N 10 7.6 17.6 5.3 7.9 15.6 
30 N 12.2 10 21.8 7.5 10.7 19.3 
 
 
Table 3-2: Mean femoral shape measures for the ten knees that were included in the 
PC model. 
Femoral Shape Measure Mean ± SD (mm) 
Epicondylar Width (mm) 84.3 ± 3.3 
Sulcus Angle (°) 134.4 ± 4.3 
Lateral Trochlear Slope (°) 22.3 ± 2.7 




Table 3-3: PC perturbation results for the femoral anatomical measures in the 
patellar shift PC model. The mean measures were perturbed by ±2 standard 
deviations along each principal component. The first three PCs explained 83.2% of 
the variance in the patellar shift laxity data for the ten knees. 
Anatomical Measure Mean 
PC1 PC2 PC3 
-2SD +2SD -2SD +2SD -2SD +2SD 
Epicondylar Width (mm) 84.3 86.8 81.8 83.4 85.2 84.2 84.4 
Sulcus Angle (°) 134.4 132.7 136.1 131.3 137.5 139.7 129.1 
Lateral Trochlear Slope (°) 22.3 20.1 24.5 21.4 23.2 22.3 22.3 
Medial Trochlear Slope (°) 23.3 27.2 19.4 27.2 19.4 18.0 28.6 
 
 
Table 3-4: PC perturbation results for the femoral anatomical measures in the 
patellar tilt PC model. The mean measures were perturbed by ±2 standard 
deviations along each principal component. The first three PCs explained 78.1% of 
the variance in the patellar tilt laxity data for the ten knees. 
Anatomical Measure Mean 
PC1 PC2 PC3 
-2SD +2SD -2SD +2SD -2SD +2SD 
Epicondylar Width (mm) 84.3 80.9 87.7 86.6 82.0 80.2 88.4 
Sulcus Angle (°) 134.4 137.4 131.4 134.6 134.2 132.7 136.1 
Lateral Trochlear Slope (°) 22.3 24.5 20.1 24.5 20.1 21.3 23.3 






















1 49.9% 49.9% 
Patellar shift ROM 
Epicondylar width and sulcus angle 
2 22.9% 72.8% 
Change in medial shift stiffness through 
flexion range.  
Medial trochlear slope 
3 10.5% 83.2% 
Change in medial shift stiffness after early 
flexion (>30°) 









1 34.5% 34.5% 
Patellar tilt ROM 
Epicondylar width and medial trochlear slope 
2 29.8% 64.8% 
Change in lateral tilt stiffness through flexion.
Inverse change in lateral and medial trochlear 
slope. 
3 13.4% 78.1% 
Overall medialization or lateralization in tilt 
laxity in early knee flexion (≤20°) 
Epicondylar width and  medial trochlear slope
  
 
Table 3-6: The mean range of patellar shift excursion and tilt rotational excursion 
measures across all flexion angles at 10 N, 20 N, and 30 N load  calculated from a 
single user performing a laxity assessment three times on the same specimen. 
Load 
Level 
Shift (mm) Tilt (°) 
Medial Lateral Medial Lateral 
10 N 1.5 0.8 1.0 1.4 
20 N 1.7 0.5 1.7 1.4 






Figure 3-1: Femoral shape measurements quantified from axial MR image.  The femoral 
epicondylar width (EW) is the distance from the medial epicondyle to the lateral 
epicondyle. The medial and lateral trochlear  are defined as the lines from the deepest point 
in the trochlear sulcus to the most anterior point of the medial and lateral bony landmarks 
of the trochlear groove. The sulcus angle (SA) is the angle between the medial and lateral 
trochlear facets. The medial trochlear slope (MTS) is the angle defined by the medial facet 
and the posterior condylar axis, the axis tangent to the posterior condyles (dash line).  The 






Figure 3-2: The experimental setup of patellar laxity envelope assessment performed on the 
in vitro specimens. PF and TF kinematics were recorded through the motion tracking 






Figure 3-3: (A) The custom PF laxity instrument (PLI) used to apply an external load on 
the patella at various flexion angles. (B) Loads to the patella are measured with an in-line 
axial load cell contained within the laxity instrument, and the direction of the load is 
captured through the motion tracking array mounted on the instrument. (C) The 
kinematic response of the patella to the applied load is measured with the motion tracking 






Figure 3-4: Local bone coordinate systems were created on the femur, tibia, and patella 
(red arrows) using bony anatomical features on each bone (yellow stars). The most 
posterior points on the medial and lateral femoral condyles, the most distal point between 
the condyles, and the center of the femoral head were used on the femur. The centers of the 
medial and lateral tibial plateaus, the most proximal points between the tibial eminences, 







Figure 3-5: (A) The three-cylindrical open chain system (red lines) used to calculate 
patellar rotations. The ML link was fixed to the femur, the SI axis was fixed to the patellar, 
and the AP axis was the cross product the ML and SI axes. Patellar tilt (red arrow) is 
rotation of the patella about the SI axis with the lateral side of the patella moving 
posteriorly defined as lateral (+) tilt. (B) Patellar translations are described as translation 
of the patellar origin relative to the femoral origin (yellow stars) along the fixed femoral 





   
 
Figure 3-6: Raw experimental patellar shift data (A) and patellar tilt data (B) (yellow) 
collected during PF envelope assessment for a specific specimen. Data points were 
extracted at different load levels (-30 N to 30 N) through the flexion range from the PFI 
load cell (colored points) , and fourth-order polynomials were fit to the extracted data 
points (solid lines (lateral loads) and dash lines (medial loads)). 
   
 
Figure 3-7: Patellar shift (A) and patellar tilt (B) displacements were calculated from the 
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Figure 3-8: (A) Mean patellar shift and (B) patellar tilt laxity envelopes. The shaded areas 
represent ± 1 standard deviation for their respective load level. No significant differences 
between medial and lateral patellar excursions for the 10 N load were found in shift or tilt. 
Flexion angles where the medial excursions differed significantly from the lateral 
excursions from a 20 N load () and 30 N load () are indicated . All three load levels 
were significantly different from each other in medial and lateral patellar shift for all 
flexion angles. The load levels were distinct from each other in lateral tilt from 0° to 80°. 
The 10 N, 20 N, and 30 N loads were significantly different in medial tilt between full 
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Figure 3-9: (A) Mean patellar shift ROM and (B) mean tilt ROM under each load level 
with the shaded areas as ± 1 standard deviation. Significant differences were found 
between each of the load levels in shift ROM for all flexion angles and in tilt ROM from 0° 








Figure 3-10: PCA perturbation results for patellar shift laxity. The mean excursions 
(middle column) under ±10 N (blue), ±20 N (green), and ±30 N (red) (positive loads (solid 
lines) and negative loads (dashed lines)) were perturbed by ±2 standard deviations (-2SD 
(left column) and +2SD (right column)) along each principal component. The first three 







Figure 3-11: PCA perturbation results for patellar tilt laxity. The mean excursions (middle 
column) under ±10 N (blue), ±20 N (green), and ±30 N (red) (positive loads (solid lines) and 
negative loads (dashed lines)) were perturbed by ±2 standard deviations (-2SD (left 
column) and +2SD (right column)) along each principal component. The first three PCs 




Chapter 4: Conclusions 
 The objective of this research is to use measure patellar laxity in the in vitro knee 
through the flexion range and to identify the types of variation in patellar laxity from 
subject-to-subject through the knee flexion range. Patellar laxity measurements were 
established with the custom PLI by applying a displacement force to the patella with the 
PLI and recording the applied load and the resultant excursion of the patella. Distinct 
load levels were found through the flexion range for patellar shift and tilt laxity. 
Increasing the load on the patella generally meant an increase in shift excursion and tilt 
rotational excursion throughout the flexion range. MR images were used to quantify 
femoral shape measurements that contribute to patellar laxity, and a PC model correlated 
the variation in the femoral shape measures to the variation observed in the patellar laxity 
envelopes. 
 Chapter 3 described experimental methods using the PLI to measured patellar 
laxity through the knee flexion range by applying a displacement force to the patella and 
measuring the applied load and the resultant displacement of the patella. A manual force 
application was used because clinicians perform patellar mobility tests with their hands to 
assess a patient’s patellar stability. The manual manipulation of the patella did not restrict 
coupled patellar tit and rotation that normally occurs as the patella shifts medially and 
laterally.  The PLI demonstrated the ability to generate the patellar laxity envelope for a 
knee with good repeatability.  
 The PLI was difficult to use for first time users and required some training and 
practice to properly use the instrument. The application tip was free to move relative to 




load cell was being applied to the patella and would occasionally separate from the 
instrument base. The PLI design can be altered to prevent the application tip from easily 
separating from the instrument base. Motion tracking arrays were attached to the PLI, 
patella, femur, and tibia, and an Optotrak 3020 motion capture system was used to 
determine the orientation of the displacement force. The tracking arrays must be visible 
to the Optotrak cameras to capture the knee kinematic and PLI data, and with the current 
PLI design, the user needed to be careful to not block the tracking arrays with their hands 
during the envelope assessments. The envelope method and PLI could be changed to 
reduce the likelihood the tracking areas are blocked from the camera. 
 The dominant modes of variation in patellar laxity through the knee flexion range 
were identified using a PC analysis.  Large variation in patellar laxity is present from 
subject-to-subject, and a PC analysis is a useful tool to understand the variation and what 
factors may be causing most of the variation in the data. Over 78% of the variation in 
shift and tilt laxity were explained by the first three PCs. Patellar laxity is affected by the 
passive stabilization of the retinaculum, the static stabilization of the articular geometry, 
and the active stabilization of the quadriceps muscles. A constant quadriceps load was 
used for the laxity envelope assessments for all knees, so the observed variation in 
patellar laxity measurements and can be attributed to the stiffness of retinaculum and the 
articular geometry. The largest mode of variation in patellar laxity was the overall ROM 
through the flexion range and was related to the variation in the femoral EW and the SA. 
Another cause of variation was medial of the PF joint which was affected by the 




groove until 20° knee flexion, the stiffness of the medial and lateral retinaculum have a 
higher contribution to patellar laxity than the shape of the trochlear groove. 
 The PC model developed in Chapter 3 can have different factors included to 
better understand how changes in the active, passive, and static stabilizers of the PF joint 
correlate to variation in patellar laxity.  Trochlear groove depth, individual quadriceps 
muscle orientations, and MPFL origin and insertion sites are some of the factors that 
could be included in the PC model. Overall bone size measurements of the patella and 
femur can be included to normalize patellar laxity data by bone size. As more subjects are 
added to the PC model data set, stronger correlations can be established. As more 
subjects are added to the PC model, it can be used to normalize data between subjects to 
minimize the effects of the dominant mode of variations. The results in Chapter 3 showed 
that PC1 accounted for over 78% of the total variation in the data set and was identified 
as overall laxity, or range of motion. The laxity measures could then be normalized to 
PC1 and remove 78% of the variation of the data, allowing other differences in the data 
to be more conclusively found. 
 The methods used in this research will be used in future research of the 
Experimental Joint Biomechanics Research Laboratory to measure patellar laxity with 
simulated pathologies that contribute patellar instability and to measure how patellar 
laxity changes after TKA. Component design, surgical technique, component positioning, 
limb alignment, balance of quadriceps extensor mechanism, component design, patellar 
preparation, and soft-tissue balancing are all factors that can cause change in the 
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Appendix A: Additional Table and Figures 
 The femoral shape measures that were collected in the axial MR image sets for 
each knee specimen are displayed. The full patellar shift and tilt laxity envelopes 
collected with the PLI are shown for each knee. The experimental patellar shift and tilt 
data collected during each envelope assessment are displayed in the figures with the 
polynomial regression curves that were fit to the extracted data. The shift and tilt 
displacements under each load level through the flexion range are shown for each knee 
specimen. Each figure contains the laxity envelope plots for an individual knee that were 
calculated and then include in the PC model to assess the variation in the ten knees 



















Knee 1 83 128 26 26 
Knee 2 81 140 19 21 
Knee 3 83 135 20 25 
Knee 4 86 133 18 29 
Knee 5 89 132 23 25 
Knee 6 80 134 25 21 
Knee 7 82 138 22 20 
Knee 8 85 128 23 29 
Knee 9 90 136 25 19 
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Figure A-1: Experimental patellar shift data (A) and patellar tilt data (B) collected during 
PF envelope assessment for a Knee 1. Data points were extracted at each load level, and 
fourth-order polynomials were fit to the extracted data points (solid lines (lateral loads) 
and dash lines (medial loads). Patellar shift (C) and patellar tilt (D) displacements were 
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Figure A-2: Experimental patellar shift data (A) and patellar tilt data (B) collected during 
PF envelope assessment for a Knee 2. Data points were extracted at each load level, and 
fourth-order polynomials were fit to the extracted data points (solid lines (lateral loads) 
and dash lines (medial loads). Patellar shift (C) and patellar tilt (D) displacements were 
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Figure A-3: Experimental patellar shift data (A) and patellar tilt data (B) collected during 
PF envelope assessment for a Knee 3. Data points were extracted at each load level, and 
fourth-order polynomials were fit to the extracted data points (solid lines (lateral loads) 
and dash lines (medial loads). Patellar shift (C) and patellar tilt (D) displacements were 
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Figure A-4: Experimental patellar shift data (A) and patellar tilt data (B) collected during 
PF envelope assessment for a Knee 4. Data points were extracted at each load level, and 
fourth-order polynomials were fit to the extracted data points (solid lines (lateral loads) 
and dash lines (medial loads). Patellar shift (C) and patellar tilt (D) displacements were 
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Figure A-5: Experimental patellar shift data (A) and patellar tilt data (B) collected during 
PF envelope assessment for a Knee 5. Data points were extracted at each load level, and 
fourth-order polynomials were fit to the extracted data points (solid lines (lateral loads) 
and dash lines (medial loads). Patellar shift (C) and patellar tilt (D) displacements were 
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Figure A-6: Experimental patellar shift data (A) and patellar tilt data (B) collected during 
PF envelope assessment for a Knee 6. Data points were extracted at each load level, and 
fourth-order polynomials were fit to the extracted data points (solid lines (lateral loads) 
and dash lines (medial loads). Patellar shift (C) and patellar tilt (D) displacements were 
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Figure A-7: Experimental patellar shift data (A) and patellar tilt data (B) collected during 
PF envelope assessment for a Knee 7. Data points were extracted at each load level, and 
fourth-order polynomials were fit to the extracted data points (solid lines (lateral loads) 
and dash lines (medial loads). Patellar shift (C) and patellar tilt (D) displacements were 
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Figure A-8: Experimental patellar shift data (A) and patellar tilt data (B) collected during 
PF envelope assessment for a Knee 8. Data points were extracted at each load level, and 
fourth-order polynomials were fit to the extracted data points (solid lines (lateral loads) 
and dash lines (medial loads). Patellar shift (C) and patellar tilt (D) displacements were 




 A) B) 
 
 C) D) 
 
Figure A-9: Experimental patellar shift data (A) and patellar tilt data (B) collected during 
PF envelope assessment for a Knee 9. Data points were extracted at each load level, and 
fourth-order polynomials were fit to the extracted data points (solid lines (lateral loads) 
and dash lines (medial loads). Patellar shift (C) and patellar tilt (D) displacements were 
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Figure A-10: Experimental patellar shift data (A) and patellar tilt data (B) collected during 
PF envelope assessment for a Knee 10. Data points were extracted at each load level, and 
fourth-order polynomials were fit to the extracted data points (solid lines (lateral loads) 
and dash lines (medial loads). Patellar shift (C) and patellar tilt (D) displacements were 
calculated from the polynomials at each load level through the flexion range. 
 
